The BRAF mutation has been identified as a potent target for the treatment of metastatic melanoma and BRAF inhibitors (BRAFi) have demonstrated promising results against melanoma brain metastases (BM). OBJECTIVE: To further investigate the effectiveness of this combined treatment regimen. METHODS: In this multicenter retrospective cohort study, 198 patients with known BRAF mutation status and treated with stereotactic radiosurgery (SRS) between 2011 and 2015 were identified. Kaplan-Meier methodology and multivariate regression analysis was then used to compare survival based on each parameter. RESULTS: The median survival after the diagnosis of BM in patients with BRAF mutation who received BRAFi was increased compared to survival in patients with wild-type BRAF (BRAF wt). In multivariate analysis, the BRAF mutation was an independent, positive prognostic factor with a hazard ratio of 0.59. BRAF mutated Patients who received BRAFi following SRS had improved survival compared to patients who received it before (P < .001) or concurrently (P = .007). PD-1 inhibitors improved survival, with more pronounced effect in patients not carrying the BRAF mutation. Among the patients who were treated with BRAFi, 10.4% developed intracerebral hematoma (ICH), in comparison to 3% of patients who were not treated with BRAFi (P = .03).
upregulation of signaling pathways that lead to neoplastic cell proliferation. 9 Several studies demonstrate improved survival of patients with metastatic melanoma without brain metastasis following use of BRAF inhibitors (BRAFi). [10] [11] [12] [13] Use of BRAFi has demonstrated meaningful tumor regression in clinical trials for patients with unresectable BM who did not receive SRS. 3, 14, 15 A number of retrospective studies have also reported intracranial response following treatment with vemurafenib 16, 17 Also, Wolf et al 18 demonstrated in a prospective study that patients with melanoma who underwent SRS for BM had increased survival if they had a BRAF mutation and were treated with a BRAFi.
We recently completed a retrospective study to evaluate the use of BRAFi and SRS in the treatment of patients with melanoma metastasis to the brain. We concluded that BRAF mutation status appears to be a potent prognostic factor in patients with melanoma BM. Moreover, we reported that BRAFi in conjunction with SRS may benefit this group of patients in terms of improving survival following diagnosis of BM. 19 In this study, we aimed to confirm our previous findings in a larger multicentered cohort and further investigate the effectiveness of this combined treatment regimen.
METHODS
Patient data were gathered from four institutions from patients who developed melanoma BM between 2011 and 2015. A population of at least 150 was calculated to be necessary in order to achieve power of 0.9 with P value of .05 in the survival analysis among groups. More specifically we also calculated the power offered for survival analysis between each 2 groups. Using the IBM SPSS sample software (SPSS Inc, Armonk, New York) and taking account total subjects per group, hazard ratio, attrition, and mean follow-up we calculated the power for survival analysis amongst the different groups. For the comparison between group A and B, the power is 0.72, for comparison between B, and C the power is 0.9, and for comparison between A and C the power is 0.94. After gathering the relevant data, the patient name, medical record number, and any additional identifiable information were removed to deidentify the data. The institutional review board of each participating center approved this retrospective cohort study and patient consent was obtained when required. The STROBE statement guidelines were implemented. Inclusion criteria included all patients who underwent SRS treatment of a melanoma BM and whose BRAFV600 mutation status was determined. Patients were excluded if BRAF status was not known or if they were treated with partial dose of BRAFi after diagnosis of BM. In this way, 198 patients with a total of 710 cerebral metastases at presentation were available for analysis. Data from patient follow-up were included up to February 2016 and no patients were lost to followup. Average follow-up was 25.6 mo from diagnosis of BM.
Patients were then stratified based on BRAFV600 mutation status and use of BRAFi such as dabrafenib or vemurafenib (Table 1) . Group A patients had confirmed BRAFV600 mutation but did not receive BRAFi after diagnosis of BM. Group B patients had confirmed BRAFV600 mutation and were treated with therapeutic doses of BRAFi. All patients who received dabrafenib received adjuvant MEK inhibitor. Group C patients were those with wild type BRAF protein status. All patients in this study were treated with SRS. For part of the analysis the patients were also divided into a group with wild-type BRAF melanoma (BRAF wt) and a group including patients with the BRAF V600 mutation (BRAF mut). The patients from group A may have received BRAFi prior to diagnosis of BM and this was not repeated either due to development of adverse reactions, contraindications, or failed therapy. Survival was measured from (1) the diagnosis of BM, (2) the day of first SRS treatment and (3) the day of primary diagnosis (overall survival; OS).
SRS was delivered in a single fraction using a common radiosurgical platform, the Gamma Knife (Elekta AB, Stockholm, Sweden). The technique is described previously 19 and dosing followed the RTOG 95-08 guidelines. After SRS, patients were followed clinically and radiographically. Imaging was evaluated by a treating neurosurgeon or a neuroradiologist at the treating site. Failure of SRS was considered when the tumor volume increased by more than 15% compared to the time of SRS. 20 Parametric data are presented as mean ± SD. Student t-test was performed for parametric data and X 2 -test was used for comparison of nonparametric data. Kaplan-Meier methodology was used in the survival analysis as well as the analysis of local tumor progression and remote failure. The log-rank test was used to detect the survival difference in different groups of patients. Multivariate Cox proportional hazards regression analysis was used to investigate the effect of the different parameters on survival. IBM SPSS statistics data editor (SPSS Inc) was used for all statistical analyses. All statistical studies were 2-sided, and a P value < .05 was deemed statistically significant.
RESULTS
Of a total of 198 patients included in this analysis, 90 (45.5%) exhibited a BRAF mutation and 108 (54.5%) were wild-type (Figure, Supplemental Digital Content 1). Group A included 23 patients (11.6%), Group B, 67 patients (33.8%), and Group C, 108 patients (54.5%). Clinicopathological characteristics of the patient population are recorded in Tables 1 and 2 . The clinical characteristics of our patient population divided by institution are described in Table, Supplemental Digital Content 2.
The median age at diagnosis of primary melanoma was 53 among Group A patients, 47 among Group B patients, and 61 among Group C patients ( Table 1 ). The median age at diagnosis of BM was 58, 53, and 66 years for groups A, B, and C, respectively ( Table 2 ). The age of diagnosis of BM was 58 and 66 yr in the BRAF mut and BRAF wt group, respectively, which was statistically significant (P < .01). Similarly, the age at diagnosis of primary melanoma was 49 and 61 yr in the BRAF mut and BRAF wt group, respectively, which was statistically significant (P < .01). There was no difference in the time to diagnosis of intracranial metastases from initial diagnosis between groups (P = .09). Interestingly in our cohort, BRAF wt group (group C) comprised of significantly more males (77.8%) as opposed to 52.2% and 56.7% male in groups A and B, respectively (P < .01). There was no statistically significant difference in extracranial disease burden between groups ( Table 1 ). The KPS score at the time of diagnosis ranged from 40 to 100 with a median of 90; 9 patients had KPS score less than 70. The mean number of BM on presentation was 3.7 with an average volume of 1.1 cm 3 , there was no statistically significant difference among the different groups. The mean margin dose used was 19.1 Gy with isodose lines ranging from 16% to 97%. Among our cohort, 37% of patients underwent 1 to 3 repeat sessions of SRS for local or remote tumor control. There was no difference in the use of repeat SRS amongst the different groups (Table 2) .
Patient Survival
At the time of analysis, 136 patients (68.7%) had died and 62 patients (31.3%) maintained their clinical follow-up. The median OS, BM survival, and SRS survival were 61 mo, 10.9 mo, and 8.1 mo, respectively (Table 3) . Median survival times and actuarial survival rates after the diagnosis of primary melanoma, after the diagnosis of BM, and after SRS are detailed in Table 3 . The median survival after diagnosis of BM and after SRS was not statistically different between patients with mutant BRAF and treated with SRS in conjunction with BRAFi (group B) and patients with mutant BRAF and not treated with BRAFi (group A); however, as mentioned previously this comparison is underpowered. The median survival after the diagnosis of BM and after SRS in group B patients was increased compared with survival in patients with wild-type BRAF (group C). Also, the median survival after the diagnosis of BM in patients in group A was increased compared to group C. Results of the P-values calculated by log-rank test for comparison of survival times between different groups and the Kaplan-Meier plots that show patient survival in the 3 groups regarding BM survival, SRS survival and OS are included in Figure 1 and Table 4 .
Given no difference in survival between Group A and Group B, we directly compared the survival after diagnosis of BM, survival after SRS and OS for the BRAF wt (group C) and BRAF mut (group A and group B). The medians for BM survival, SRS survival and OS were 16 (confidence interval (CI) 9.3-22.7) mo, 13.5 (CI 5.8-21.2) mo, and 83.6 (CI 33-134.2) mo for the BRAF mut group, respectively, and 9 (CI 7.7-10.3) mo, 7 (CI 5.6-8.4) mo, and 47 (CI 35.3-58.7) mo for wild type, respectively. There was statistically significant increased survival in BRAF mutated patients compared to wild-type patients ( Figure 2 ). Following correction for age, the statistically significant increase in survival in BRAF mutated patients compared to wild-type patients remained ( Figure, 
Supplemental Digital Content 3).
Multivariate analysis of survival after diagnosis of BM, survival after SRS, and OS is demonstrated in Table 5 . The BRAF mutation was an independent, positive prognostic factor with a hazard ratio of 0.58, 0.64, and 0.55 for survival after BM diagnosis, after SRS, and primary diagnosis, respectively. Age at BM diagnosis had a statistically significant effect on survival from BM diagnosis and from SRS treatment (hazard ratio: 1.02). The use of WBRT was associated with worse outcome. Inclusion of surgical resection in the treatment regimen was associated with improved survival after BM diagnosis ( Table 5 ). The use of PD-1 inhibitors provided improved survival from BM diagnosis, from SRS, and from primary diagnosis (hazard ratio: 0.4, 0.4, and 0.49, respectively). The type of BRAFi used Vemurafenib or Dabrafenib did not affect survival using Kaplan-Meier methodology (P = .9; Figure 3A ).
We also evaluated the effect of timing of BRAFi administration on survival following BM diagnosis. We divided group B into patients who completed BRAFi treatment at least a week prior to first SRS, patients who received BRAFi concurrently to SRS and patients who started BRAFi treatment following SRS. Of note, for patient who received BRAFi concurrently to SRS this was held (Figure 4) . No statistically significant difference was identified between the different groups.
Additional Treatment for Melanoma BM
Systemic treatments for melanoma are outlined in Table 6 . Of the 23 group A patients, 30% received CTLA-4 inhibitors and 21% received PD-1 inhibitors. Of the 67 group B patients, 32% received CTLA-4 inhibitors and 26% received PD-1 inhibitors. Of the 108 BRAF wt patients, 47% received CTLA-4 inhibitors and 29% received PD-1 inhibitors. There was no statistically significant difference in either the use of CTLA-4 or PD-1 inhibitors between the different groups. Based on our multivariate analysis there was no correlation between use of CTLA-4 inhibitors and survival (Table 6) .
We proceeded to evaluate the use of IT in correlation with BRAF mutation status ( Figure 5 ; Table 7 ). For patients carrying the BRAF mutation, the median survival time following the diagnosis of BM was 13 (CI 7.5-18.5) mo and 37 (CI 7.8-66.2) mo for the population that did not receive or received PD-1 inhibitors, respectively (P = .087). For the BRAF wt group the survival time following the diagnosis of BM was 7.6 (CI 5.7-9.5) mo and 32 (CI 12.2-51.8) mo for the population that did not receive or received PD-1 inhibitors, respectively (P < .001). The survival from BM diagnosis between the BRAF wt and the BRAF mut group remained statistically significantly different amongst the population that was not treated with PD-1 inhibitors (P < .001). However, there was no statistically significant difference in survival between the BRAF wt and the BRAF mut group among the population that was treated with PD-1 inhibitors (P = .85). The use of CTLA-4 inhibitors did not appear to have an effect in survival of the BRAF mut or BRAF wt group (P = .221 and P = .796, respectively).
Adverse Events in Response to BRAFi
Adverse effects of BRAFi are demonstrated in Table 8 . Of note 4.3% of patients in group A, 10.4% of patients in group B, and 2.7% of patients in group C developed intracerebral hematoma (ICH) (P = .09). Among the patients who were treated with BRAFi and SRS 10.4% developed ICH in comparison to 3% of patients who were not treated with BRAFi, this difference was statistically significant (P = .03).
DISCUSSION Intracranial Response to BRAFi and SRS
The combination of BRAFi and SRS is considered a promising approach to treatment of melanoma BM given the fact that BRAFi act as radiosensitizers. [21] [22] [23] A number of case reports and retrospective studies have reported evidence of intracranial response following the combination of vemurafenib with radiation therapy. 16, 17, 24 We previously found that the group treated with BRAFi and SRS was associated with significantly longer survival times and better local tumor control. 18, 19 However, the effect of BRAFi in combination with SRS for the treatment in melanoma BM remains unclear. A number of retrospective studies demonstrated no effect of BRAFi use on survival of patients with melanoma BM who also underwent SRS. 25, 26 These studies were underpowered with only a small number of patients treated with BRAFi and radiosurgery. Chowdhary et al 27 in a recent review concluded that there may be a benefit to combining BRAFi with radiation therapy. Here, we demonstrate that among patients who received SRS the patients carrying the BRAF mutation and received BRAFi had improved survival compared to patients who did not carry the mutation. This finding is in accordance with previous reports in the literature. 18 The clinical effectiveness of BRAFi may be limited by the development of resistance to the BRAFi over time. 28, 29 Also, the physiochemical properties of vemurafenib allow only limited distribution in the brain. Currently active clinical trials that are expected to shed further light on the effectiveness of BRAFi. 27 Of note, the statistically significant age imbalance between groups is in accordance with previous findings 30 and did not seem to affect the survival outcomes. This is in accordance with the DS-GPA prognostication system. 5 In this cohort, there were a limited number of patients with the presence of a BRAF mutation who did not undergo BRAF treatment. This is representative of the population as in clinical practice given the aforementioned evidence most patients with metastatic melanoma carrying the BRAF mutation receive BRAFi if possible. 18 Patients from group A demonstrated high variability in survival rates and we were unable to identify a difference in survival depending on BRAFi use among BRAF mut. Nevertheless, we found that the presence of the BRAF mutation was an NEUROSURGERY VOLUME 84 | NUMBER 4 | APRIL 2019 | 873
FIGURE 2. Kaplan-Meier curves demonstrating survival times, including A, survival after the diagnosis of BM, B, survival after SRS, and C, survival after primary diagnosis (n: 198).
independent positive prognostic factor in patients with melanoma brain metastasis. Previous studies have demonstrated that BRAF mutation is associated with unfavorable prognosis in patients with melanoma. 31, 32 El-Osta et al 33 have previously demonstrated that BRAF mutation in advanced melanoma results in an insignificant trend to longer median survival from diagnosis. Rutter et al 34 showed no difference in survival or recurrence following SRS for brain metastasis depending on BRAF status. Other reports have suggested that the presence of a BRAF mutation correlates with worse local metastasis control and survival. 19, 35 These variable results underline that the effect of the BRAF mutation on the natural history of BM is multifactorial. While we demonstrate 
FIGURE 3. A, Kaplan-Meier curves demonstrating survival after the diagnosis of BM in relation to use of BRAF inhibitor and type of BRAF inhibitor used. B, Kaplan-Meier curves demonstrating survival after the diagnosis of BM depending on timing of BRAF inhibitor administration in relation to SRS treatment.
that it acts as an independent prognostic factor not affected by the use of BRAFi, SRS, WBRT or the use of checkpoint inhibitors, it is likely affected by the genomic profile of the melanoma BM.
36,37
Timing of BRAFi Administration Wolf et al 18 previously reported that BRAF administration prior to SRS yielded a worse result compared to administration concurrently or following SRS. Here, we confirm that the administration of BRAFi has optimal effect when treatment is initiated at least 1 wk following SRS. This phenomenon may be attributed to the development of resistance to BRAFi over time. 28, 29 Additionally, as we noted the physiochemical properties of vemurafenib allow only limited distribution in the brain. [38] [39] [40] The improved effect of BRAFi following SRS may be attributed in part to increased permeability of the blood brain barrier by SRS. However, there is no current evidence that SRS is altering the blood brain barrier to allow better penetration of BRAFi.
BRAF Mutation and Prognosis
Following diagnosis of BM the BRAF mut group had a median survival of 16 mo, compared to the BRAF wt group that had a median survival of 9 mo. Previous studies have demonstrated that BRAF mutation in primary melanomas either have no effect on survival [41] [42] [43] or is associated with a trend toward unfavorable prognosis 31 as well as the presence of multiple cutaneous melanomas. 30 In patients with melanoma spread to regional lymph nodes presence of BRAF mutation resulted in shorter interval to disease recurrence following lymphadenectomy as well as worse prognosis. 32 El-Osta et al 33 demonstrated that BRAF mutation in advanced metastatic melanoma results in an insignificant trend to longer median survival from diagnosis. As far as the effect of the BRAF mutation on patients with cerebral metastasis, Rutter et al 34 showed no difference in survival or recurrence following SRS for brain metastasis depending on BRAF status. Other reports have suggested that the presence of a BRAF mutation correlates with worse local metastasis control and survival. 19, 35 Our findings demonstrate that in the setting of widespread use of BRAFi the presence of a BRAF mutation offers better prognosis and this observation appears to be a shift compared to previous reports when BRAFi were not used with such frequency. Studies of gene expression in melanoma support the hypothesis that other factors likely act together with the BRAF mutation to determine the prognostic phenotype. Namely, the gene expression profile associated with BRAF mutations may contribute to multiple pathways including to enhanced immune responsiveness, cell motility, and melanosome processing. [44] [45] [46] 
BRAFi Safety
Several case studies have questioned the safety of the use of BRAFi concurrently with radiotherapy, due to the occurrence of liver and skin toxicity as well as radiation necrosis and intracranial hemorrhage. The most common adverse events include arthralgia, seizures, alopecia, diarrhea, dizziness, muscular weakness, and maculopapular rash. [47] [48] [49] [50] [51] Intratumoral hemorrhage and radiation necrosis 25 have been associated with the use of BRAFi. 26 In this study, we found a small percentage of reversible liver toxicity and skin reactions among the patients treated with BRAFi. The patients treated with BRAFi had an increased risk of ICH compared to those not treated with BRAFi. However, ICH in patients following BRAFi use did not result in clinically significant deterioration or lead to hospitalization. This result is in accordance with previous reports, 26 and a similar effect has been reported with the combination of ipilimumab and SRS. 52 
Other Treatment Modalities
Use of checkpoint inhibitors has demonstrated promising result in patients with melanoma. Nivolumab has proven to be effective in the treatment of BM. 53 We found that the use of PD-1 inhibitors had a strong correlation with increased survival. Interestingly, PD-1 inhibitors were associated with a more robust improvement in survival compared among the population with BRAF wt compared to their effect on the BRAF mut patients. The BRAF protein has been associated with tumor-induced immune escape mechanisms through increased expression of immunosuppressive cytokines such as IL6, IL10, and VEGF, which can promote T regulatory cells. 54 Also, BRAF V600E expression results in increased expression of IL1 by melanoma cells that can lead to upregulation of the checkpoint ligand molecules COX-2, PD-L1, and PD-L2. 55 Moreover, overexpression of V600E in melanoma cells results in MHCI down regulation. 56 These mechanisms may contribute to the relatively more pronounced effect of PD-1 inhibitors on BRAF wt patient as compared to BRAF mut patients.
Treatment with ipilimumab results in improved survival of patients with advanced melanoma.
1 Treatment with ipilimumab followed by BRAFi may improve survival in select patients with metastatic melanoma. 57 However, the low life expectancy of patients with BM drastically decreases its benefit. 2 Indeed, in our study, we demonstrated no effect in survival with the use of ipilimumab.
Other interventions were found to impact survival. Surgery was associated with improved survival after BM diagnosis. The use of WBRT was associated with worse outcome, though this result is likely to be due to selection bias since only 15% of the patients received WBRT prior to SRS. Use of WBRT is rare for melanoma, is often performed without uniform indication criteria, and usually reflects large burden of symptomatic disease.
Study Limitations
This multicenter, retrospective cohort study has some intrinsic limitations, including unavoidable selection and referral bias. Moreover, our cohort had been treated with heterogeneous treatment modalities and follow-up was variable depending on the institution. Given the increasing use of BRAFi and despite the total number of patients included in this study, for the comparison between group A-B the power is 0.72, which is underpowered. This study is not designed to provide insight into whether progression in the central nervous system, progression outside the central nervous system, or progression in both compartments led to patient deaths. There remains considerable variability in melanoma cell responsiveness to treatment as well as sensitivity to radiation.
CONCLUSION
Melanoma BM has a high dissemination rate and poor prognosis. The rise of new therapies including SRS, checkpoint, and BRAFi has offered the potential to improve survival in patients with melanoma BM. In this multicenter retrospective study, we found that in the setting of widespread use of BRAFi the presence of a BRAF mutation is an independent predictor of better prognosis in patients with melanoma BM that underwent SRS. Importantly, the effect of BRAFi was significantly affected by the timing of administration and appears to have optimal effect when treatment is initiated at least 1 wk following SRS. We also found that the use of BRAFi may increase the risk of ICH. Finally, we confirmed the effectiveness of PD-1 inhibitors in patients with melanoma BM who undergo SRS and found that their effect is more pronounced in BRAF wt patients. Figure. Age-adjusted survival curves demonstrating survival times, including A, survival after the diagnosis of BM, B, survival after SRS, and C, survival after primary diagnosis, adjusted for age using Cox regression analysis (n: 198).
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